The relationship between blood flow characteristics and ascending aortic (AA) dilatation has not been studied in patients with a tricuspid aortic valve (TAV) without aortic stenosis.
INTRODUCTION
Ascending aortic (AA) dilatation is usually asymptomatic until the aorta ruptures (1) . The overall mortality rate of a ruptured thoracic aortic dilatation (TAD) is extremely high (97 % -100 %) (2) . AA dilatation is often diagnosed by incidental imaging which has been performed for some other purpose (1) . The incidence of TAD in the American population is approximately 10/100 000 and is similar in both genders (1, 3) . This dilatation is disproportionately present in certain genetic syndromes such as Marfan (4), Loyes-Diezt (5) , Turner (6) and Vascular Ehlers-Danlos (7) . However, most patients have a non-syndromic form of TAD with other common etiologies such as atherosclerosis and aortic valve stenosis.
A subject is more likely to exhibit TAD if a first degree relative has aortic dilatation; then it is called the familial form of TAD (8) . TAD can develop both in the case of a bicuspid (BAV) and a tricuspid aortic valve (TAV) although it is more frequent in the case of BAV (9) .
The diagnosis of TAD is currently based on morphometric measures with CT or MR angiography (10) . Echocardiography is typically used for follow-up of aortic valvular diseases combined to proximal aortic dilation (10) . In the dilated AA, altered blood flow velocities and displaced flow patterns have been reported (11) . If it were possible to quantitate these alterations in aortic flow, this might provide valuable information as an adjunct to morphometric determinations. One such approach is four-dimensional (4D) flow MRI, which can define blood flow velocities in three directions at different time points during the cardiac cycle (12) .
In patients with BAV, the increases in wall shear stress (WSS) values might explain the higher prevalence of aortic dilatation as compared to patients with TAV (13, 14) . BAV also causes a helical systolic flow pattern in the AA (15) . In patients with a dilated AA and a TAV, total WSS values are lower as compared to those with a non-dilated AA (16) (17) (18) .
Aortic stenosis increases WSS in AA, thus the function of the aortic valve has been shown to have an impact on the development of AA dilatation (18) .
The aim of the present study was to detect the 4D flow MRI characteristics that are related to AA dilatation without aortic stenosis.
MATERIALS AND METHODS

Patient Population
Local Ethical Committee approved this prospective study. All volunteers and patients were interviewed by the research physician and signed an informed study consent before participation. Patients did not have any contraindications for MRI and no pediatric patients were included. All imaging was performed without contrast agents. This prospective study included consecutive patients who were scheduled for follow-up due to a dilated AA (diameter ≥ 42 mm) between July 2017 and March 2018. After excluding five patients with BAV and three with mechanical aortic valve altogether 20 patients with a dilated AA and with TAV were included. We recruited a control group of 20 healthy volunteers with TAV and without AA dilatation (AA diameter less than 42 mm) matched for age, gender and body mass index. No cases with aortic valve stenosis were found in either group. Patient characteristics are listed in table 1.
MRI
Magnetic resonance imaging (MRI) was performed with a Siemens MAGNETOM Aera, 1.5 T (Siemens GmbH, Erlangen, Germany). The 4D flow sequence extended the imaging time by approximately 20 minutes depending on the patient´s heart rate. The total imaging time for all sequences was approximately 45 minutes.
MR Angiography
After breath-hold scout imaging, MR angiography without administration of contrast agents was performed to measure the dimensions of the aorta during free-breathing. The procedure was based on true fast imaging with steady state precession (TRUFI) with a respiration navigator (19) . The imaging stack was positioned via axial clipping and sagittal clipping on the breath-hold scout images. The imaging parameters were repetition time 286 ms, echo time 1.5 ms, pixel bandwidth 590 Hz, reconstructed in-plane pixel spacing 0.8 x 0.8 mm 2 , slice thickness 1.5 mm, number of slices 64 and imaging time approximately 5 minutes.
2D Phase Contrast
2D phase contrast (PC) data was acquired over multiple cardiac cycles using electrocardiogram (ECG)-gated CINE imaging. Imaging was performed without contrast media based on our clinical practice. Based on the anatomical scout images, two slices were prospectively placed on the sinotubular and tubular planes. The imaging parameters were: repetition time 20 ms, echo time 2.7 ms, pixel spacing 1.6 x 1.6 mm, slice thickness 5 mm, number of cine frames 50 and velocity encoding (VENC) 150 cm/s. VENC describes the maximum suspected flow velocity, thus it is the most important parameter for successful 2D PC imaging (11, 20) .
4D Flow MRI
A standard Siemens PC 4D flow sequence was scanned prospectively with ECG-gating and free breathing without contrast media. Respiration related artifacts were decreased by averaging. The center and orientation of the imaging stack for 4D flow was aligned with the TRUFI angio stack. The 4D flow spatial resolution was set to 2.3x2.3x3.0 mm 3 , repetition time 42 ms, number of segments 2, echo time 2.8 ms, temporal resolution same as TR, flip angle 7º, 18-25 cardiac phases, VENC 150 cm/s and 15 slices. The imaging parameters were selected in line with the 4D flow MRI consensus statement (21) .
Flow Parameter Analysis
2D Flow Parameters
A retrospective 2D flow data analysis was conducted using syngo.via ® (Version: VB30A, Siemens GmbH, Erlangen, Germany) software. Peak flow, peak velocity and regurgitation fraction were quantified from the sinotubular junction and tubular planes.
4D Flow Parameters
Flow was evaluated in 10 planes ( Fig. 1 ) at different levels of the thoracic aorta. We added two extra planes; 1) sinus valsalva and 2) sinotubular junction while the other planes were chosen according to the 4D flow consensus statement (21) as follows; 3) proximal segment, 4) mid ascending aorta, 5) proximal aortic arch, 6) plane immediately after truncus brachiocephalicus, 7) mid aortic arch, 8) end of the aortic arch, 9) proximal descending thoracic aorta and 10) mid descending aorta (10) .
Additional parameters assessed, together with the 2D flow measurements, were cardiac output (ml/min), forward flow (ml), backward flow (ml), net forward volume (forward minus backward flow, ml), regurgitation fraction (ratio between backward and forward flow, %), cross-sectional aortic area (cm 2 ), flow displacement (FD) determined as the center of gravity of the blood vessel -center of eccentric flow / diameter of vessel (%) (22) . FD was further dichotomized as low (less than 5 %) or moderate (5 % or more). The center of gravity of the vessel was based on the cross-sectional contour of the applicable plane, the center of eccentric flow based on velocities within the cross-sectional contour of the applicable plane and the diameter of the vessel based on the area which is defined by the cross-sectional contour of the applicable plane. All 4D flow results were analyzed with CAAS MR 4D flow 2.0 (Pie Medical Imaging, Maastricht, Netherlands) software.
Wall Shear Stress
Total wall shear stress (WSS), circumferential wall shear stress (WSSC, parallel to emitter plane) and axial wall shear stress (WSSA, perpendicular to emitter plane) were calculated based on the following equation
Where is wall shear rate, r is the radial distance perpendicular to the vessel wall and Vparallel is blood flow parallel to the vessel wall which contributes to shear against the wall. WSS was calculated by multiplying γ with the viscosity of blood which was set to 4 for all dilated and non-dilated aortas (23, 24) .
The software measured WSS, WSSC and WSSA values at 4° intervals. The aortic ring was divided into six sixty-degree segments. One segment included a mean of 15 measuring points. The starting point (0º) was defined to lie in the inner curve of the AA (Fig. 1 ).
Segment 1 covers the AA wall from 0º to 60º in a counter-clockwise direction with the rest of the segments following in sequential order. WSS, WSSc and WSSa were measured from planes one to five covering the whole AA. Maximum WSS values are given separately for every plane of the AA.
Intra-And Interobserver Reproducibility
Observer A (S.P.K) first performed all measurements of the 40 patients guided by an imaging cardiologist. To assess intra-observer reproducibility, Observer A repeated 4D flow and aortic dimension measurements after five months blinded to the previous measurements.
To assess inter-observer reproducibility, Observer B (E.K) independently reconstructed 4D flow slices and plane locations and performed the 4D flow measurements blinded to the results of Observer A. WSS analysis was performed separately for planes 1-5 and for 6 segments in each plane. In addition, the aortic dimensions were re-measured by Observer C (M.H) in the non-dilated group and by Observer D (P.S) in the dilated group.
Statistical Analysis
All results are presented as median ± range when the parameters had a skewed distribution and as mean ± standard deviation if the parameters were normally distributed. Statistical analysis was performed in collaboration with a biostatistician. The statistical significances of differences in flow parameters between the dilated and the non-dilated AA groups were analyzed using independent samples T-test for normally and Mann-Whitney test for skewed distributed parameters. Associations between two sets of parameters were tested using the Spearman Correlation -test.
Inter-technique reproducibility between the 2D and 4D flow parameters and intra-and interobserver reproducibility of the 4D flow parameters were analyzed by paired samples T-test.
Intraclass correlation coefficients (ICC) using a two-way mixed affects model with absolute agreement were used to calculate intra-and inter-observer reproducibility. ICC values from 0.0 to 0.2 were considered negligible, from 0.2 to 0.4 very low, from 0.4 to 0.7 moderate, from 0.7 to 0.9 high, and from 0.9 to 1.0 very strong. In addition, coefficients of variability (CV%) were assessed by dividing the SD of the differences by the mean of the parameter under consideration. In the current study, group variability with a CV% of <8% was considered homogenous, from 8 to 12% average, and >12% diverse (25) . Cohen's kappa was used to study reproducibility of the dichotomized FD measurements; kappa values from 0.0 to 0.2 were considered slight, from 0.2 to 0.4 fair, from 0.4 to 0.6 moderate, from 0.6 to 0.8 substantial, and from 0.8 to 1.0 near perfect (26) .
In order to avoid false positive significances due to the multiple comparisons caused by the high number (258) of variables, a false discovery rate (FDR) method was applied. FDR reduces statistical significances in a small study population. The statistical significance level was set to p < 0.05 and high statistical significance to p < 0.01. All statistical analyses were carried out with SPSS Statistic 23 -software (IBM, Chicago, USA).
RESULTS
The baseline characteristics of the study subjects are shown in Table 1 . Patients´ mean age, height, weight, gender or risk factors for cardiovascular diseases did not differ between the dilated AA and the non-dilated AA groups. All patients had a TAV and none of them had an aortic valve stenosis.
In the dilated AA group, blood flow was displaced most prominently to the lateral side in Fig. 3 .
In the dilated AA group, regurgitation fraction was increased in planes 3-10 as compared to the non-dilated AA group ( WSS proved to be more circumferential in dilated AAs in comparison to non-dilated AAs.
The fraction between circumferential WSS and total WSS (WSSC / WSS) was larger in the dilated AAs when measured from the inner curvature of AA in planes 1-4 and in the whole aortic ring in plane 5 ( Table 3) . Total WSS values were lower in dilated AA depending on the plane and segment (Table 3) .
When the diagnostic performances of the 2D and 4D flow sequences were compared in plane 4 of all 40 subjects, the following parameters did not differ; peak flow, backward flow and regurgitation fraction (Table 4) 
DISCUSSION
The present study demonstrates that 4D flow measurements may help to visualize pathological flow patterns in a clinical cohort of patients with aortic dilatation. Aortic flow displacement was shown to be larger in patients with AA dilatation as compared to those without dilatation. Wall shear stress values were found to be elevated on the lateral side of aorta where the flow was displaced. The circumferential WSS ratio to total WSS was larger in cases of a dilated AA in both the inner curvature of the proximal AA and in the whole aortic ring at the distal AA while total WSS remained decreased or did not differ between the groups. According to our experience, it is important to divide the aortic ring into small segments in order to be able to identify the topography of the differences in WSS.
Relatively few studies exist that have investigated aortic dilatation using 4D flow techniques. total WSS values were lower in the dilated AA group (16) . Alterations in WSS have also been shown to cause changes in endothelial metabolism, which could further lead to vessel wall stiffness and vessel wall remodeling (28) (29) (30) .
One recent study by van
The results of the present study illustrate how flow is displaced from the centerline of the aorta in the ascending aorta. The normal TAV cusp opens at an approximately 75 º angle and flow is located in the centerline of the AA (28) . In aortic valvular stenosis, the cusp opening angle and the orientation of the heart influence the angle at which the jet flow leaves the heart. In this study, aortic valvular stenosis was not present in either group, indicating that the differences in FD between the groups may be attributable to other factors such as the cusp opening or the orientation of the heart. Flow displacements in plane 4 were correlated to maximum backward velocities in the plane of the sinus valsalva which could indicate that a failure in the function of aortic valve causes the flow displacement.
Aortic dilatation develops more frequently in patients with BAV than in those with normal TAV. It has been shown that when the BAV has a configuration of either 180 degrees or 140 degrees, this will lead to different flow patterns which will stress the aortic wall to different extents (13, 29) . The present study with TAV patients highlights that flow displacement in the aorta causes increased WSS to the displaced side; this phenomenon is not restricted to patients with a BAV.
In patients with dilated AAs, the fraction between circumferential and total WSS was greater in the inner curvature of the proximal AA and in the whole ring of the distal aorta when compared to the non-dilated AA group. This indicates that the flow pattern is helical throughout the whole dilated AA. Visual streamline inspection of our data shows that helical flow associates with a dominance of circumferential WSS (Fig. 5) which is in agreement with the published literature (13) . In contrast, axial WSS is dominant in normal laminar flow (13) .
Total WSS values proved to be lower in the dilated AA group in most segments in planes 2- When comparing 4D flow-based 2D flow parameters to traditional 2D sequences, we found good agreement between peak flow, backward flow and regurgitation fraction values, in agreement with the published literature (30, 31) . Only the peak velocity values were greater when measured from the 4D flow data; this most likely resulted from the fact that the flow jet direction was not perpendicular to the 2D flow imaging plane. This is supported by the higher correlation between FD and peak velocity in the non-dilated group as compared to that observed in the dilated group. In conclusion 4D flow measurements may help to visualize the pathological flow patterns related to aortic dilatation also in patients with a tricuspid aortic valve without aortic stenosis.
Quantitative measurements may provide detailed information about the topography of the flow displacement and circumferential wall shear stress; however, the measurements require experience and may show interobserver variability. Aortic regurgitation (%) 6.5±8.9 3.6±1.7 0.9
Note: Values of the continuous variables are mean ± SD. 
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